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ABSTRACT 


The use of renewable energy has rapidly gained acceptance in many industries worldwide, not only for electricity 
generation but for thermal applications as well. In the food industry and many other agricultural applications, 
renewable energy is utilized in aiding the drying processes of food products such as grains. This paper focuses on 
sustainable ways of drying grains using biomass energy and solar energy technologies. The aim of the research study 
was to investigate drying methods that rely on green energy solutions in order to optimize the drying of grain. The 
research conducted identified three conceptual designs that were found to be economically viable for the design and 
construction of sustainable grain dryer systems using biomass energy and solar energy for heat generation. As discussed 
in this paper, concept 1 uses an air-to-air heat exchanger to transfer the heat generated by the biomass burner in order 
to initiate the drying process. Concept 2 uses the same principles as those of concept 1 but the heat from the biomass 
burner is transferred through a combination of an air-to-water heat exchanger and a radiator. Due to the abundant 
production of corn and sugar cane in South Africa, corn stovers and sugar cane waste are seen as potential sources of 
biomass energy for these concept designs. Concept 3 relies on the use of solar energy. In this concept, a forced 
convection multilayer solar dryer system is assisted by an electric heater which is powered through a solar panel system. 


This allows an electric heater to be used during off-peak sunshine hours such as when it is cloudy or at nighttime. 
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1. INTRODUCTION 


Drying agricultural food products is one of the oldest and most efficient methods of preserving food for a long 
period. Some of the drying methods that are widely used are traditional open-sun drying and oven drying. Although 
such drying methods are popular, the food products are exposed to high temperatures for longer periods and dried in 
an unhygienic manner which has adverse effects on the physicochemical and nutritional properties of the products 
[5,6]. Some of the agricultural food products that are widely farmed and consumed are grains such as corn, wheat, 
sorghum, and rice. These types of grains form part of the staple diet for the majority of people across the globe and 
their consumption increases day by day. They serve as an important source of carbohydrates and provide dietary 
fiber which helps in the reduction of bad cholesterol in the body [1,2]. The process of production of quality grains 
does not only include controlled farming methods but also post-harvesting methods such as efficient drying 
methods. As technology evolves, various sustainable ways of drying grains have been developed. Sustainable ways 
of grain drying refer to efficient drying processes that are cost effective and have minimum impact on the 
environment [3]. In most grain farming industries, it is a necessity that the grains meet some specific requirements 
after drying such as their size, moisture content, etc. The selection of a suitable drying process and the right grain 


dryer has a big influence on the quality, size and final moisture content of grains [3,4]. 


Whether energy storage can be justified depends critically on the nature of the demand and supply, and the 
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conditions of operation since some energy storage systems can be charged and discharged several times a day, while others 
are interseasonal [7]. In many industrial drying processes, controlled drying using fossil fuel is most commonly practised. 
However, the use of fossil fuel for energy generation has many negative impacts such as high running costs, environmental 
effects, and gradual depletion of its reserves [8,9]. This necessitates the need for further research on harnessing solar 
energy or the use of other alternative sources of energy to improve drying processes and lead to a reduction in the use of 


fossil fuels. 


Ongoing research on grain drying and preservation aims to improve the quality and capacity of grains in order to 
develop sustainable ways of drying grains without compromising on quality. Some of the proposed sustainable ways of 
drying grains involve the use of energy efficient methods such as biomass dryers and solar dryers. Solar energy is abundant 
and inexhaustible and has been used for ages to dry food products. However, with improved solar dryer efficiency and 
production capacity, this process can be enhanced. The use of biomass energy to dry food products such as grains is also 
regarded as one of the most efficient and clean energy methods and is cost effective. In biomass energy generation, the 
energy is produced by plant or animal materials such as wood, energy crops, forest waste and other types of organic matter. 
The use of a biomass grain dryer can be very useful and cost effective in countries with abundant sources of biomass such 
as South Africa. In South Africa, organic matter that can be used as sources of biomass includes residues of sugar cane, 
corn waste, and other types of organic matter that are produced in large quantity in the country. South Africa also has good 
sunshine hours throughout the year. Most areas of the country have annual average of at least 2500 hours of sunshine while 
the daily solar irradiance ranges from a minimum of 4.5 kWh/m?to a maximum of 6.5 kWh/m? [9,10]. This paper presents 
the discussion of two design concepts that are proposed as sustainable ways of drying grains. The three concepts presented 
in this paper involves the use of biomass energy to dry grains and the use of an improved solar grain dryer that enhances 


thermal efficiency. A brief overview of typical grains that are popular and widely consumed is also presented. 
2. LITERATURE REVIEW 


The concept of developing sustainable ways of drying grains through renewable energy strategies is a crucial aspect of 
food sustainability and energy saving. It allows food drying processes to be optimized and reduces operational costs 
without compromising safety. Since the 19 and 20" centuries, the consumption of dried products such as grains has 
increased because of associated benefits such as the ability to be preserved for longer periods and the occupation of less 
storage area in comparison to fresh products [11]. Research has also shown that various grains have different levels of 
moisture content for safe storage. Depending on the application, the threshold limit for most grains is below 15 % moisture 
content. The threshold limit sets a boundary for the grains to prevent them from undergoing any chemical or physical 
changes while being stored. Grains, like many other food types, havea tendency to retain water in their structure depending 
on the storage conditions, hence the necessity for developing sustainable drying methods to improve grain drying 
processes. In this paper, the literature review focuses on the drying of some of the popular and crucial types of grains that 


are consumed worldwide. The grains of interest in this paper are (i) corn, (ii) wheat, (iii) sorghum, and (iv) rice. 
2.1 Grains Drying 


Grains such as maize/corn and rice are amongthe most important cereal crops which are popular and widely consumed as 
part of the staple diet in many countries in the world particularly in most African countries [12]. Maize was initially grown 
at a subsistence farming scale however due to its popularity, demand, and nutritional benefits, its production has grown to 


commercial farming scale. In many subsistence farming practices maize/corn is still dried using the traditional open-sun 
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drying method — a method which is regarded as unhygienic and degrades the quality and nutritional value of grains [13]. 
According to many studies (as reviewed by Kenneth et al. [14]) the maximum moisture content for storage of maize for a 


period of more than 6 months is recommended to be 13 % wb. 


Modern ways of drying have been researched and developed to combat the effects that arise from using traditional 
drying methods. One of the most efficient, environmentally friendly, and cost-effective ways of drying agricultural 
products such as maize is through the use of solar dryers or biomass dryers. A study by Adekanye et al. [12] was conducted 


on the development of a maize-on-cob dryer for small-scale farmers as shown by the schematic diagram in Figure 1. 





Figure 1: Schematic view of the Prototype Maize-on-Cob Dryer [12]. 


In their experiment, the dryer derived its drying power from maize residues that were used as a source of heat. 
The prototype dryer they tested consisted of a drying chamber, chimney, five trays, corn waste container, electric motor, 
and a fan to induce forced convection during the drying process. Based on their experiment, the dryer was able to dry two 
kg of maize-on-cobs in seven hours from an initial moisture content of 76.80 % (wb) to 13.32 % (wb). In another research 
study conducted by Kaaya and Kyamuhangire [15], a biomass-heated natural convection dryer was used to dry maize in 
order to improve the quality of grains during storage. Their study indicated that using a biomass dryer significantly reduced 


drying time and improved grain quality although the storage quality of grains depended on the storage form [15]. 


In most industries, maize drying is still practiced using the conventional drying method of open-sun drying, a 
method that sometimes leads to unfavorable grain quality. In some literature, the idea of incorporating thermal energy 
storage systems in the drying practices of grains such as maize has been proposed. Thermal energy storage (TES) systems 
are smart technology developed to enhance thermal efficiency. The TES system works on the basis of a thermal energy 
sensitive material (liquid, solid, or phase change material) to store solar energy captured during peak hours and released 
during off-peak hours and used for the drying process [9,16]. It is assumed that attaching this system to a solar dryer or a 
biomass dryer can improve the drying process significantly. Figure 2 shows a concept design of a thermal energy storage 


system that uses a bed of rocks to store solar thermal energy for later use. 
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Figure 2: Conceptual Design Layout for the Rock Bed Solar Thermal Energy Storage System [9]. 


The system was designed as a standby unit for a solar dryer system that supplied hot air to the drying chamber for 
drying during off-peak periods such as during cloudy hours or nighttime. Hot air was circulated by means of a motor 


blower through air filters and a solar collector [9]. 


A review presented by Ahmad [17] on properties and bulk drying of biomass indicates that biomass has surpassed 
hydropower as the single largest renewable energy source. More than half of this renewable energy is generated from the 
forest products industry as shown in Figure 3. The increase in demand for biomass for energy is a clear indication that 
renewable energy is the way to go in meeting the demand for energy. Biomass as a source of energy is a partial solution to 


the fossil fuel crisis that is readily available through the application of existing technology and abundant supply [17]. 
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Figure 3: Biomass Resource Consumption [17]. 


In general, there are two main types of biomass resources: (i) agricultural resources and (ii) forest resources. The 
primary contributors of agriculture resources are crop residues from major crops such as corn stover, small grain straw, 
grains (corn and soybeans) used for ethanol, biodiesel and bioproducts, perennial grasses and perennial woody crops [17]. 
Primary constituents of forest resources are logging residues from conventional harvest operations and residues from forest 
management and land clearing operations, removal of excess biomass (fuel, treatments) from timberlands and other 
forestlands, and fuel wood extracted from forestlands [17,18]. With the advancement in technologies, there is great 
potential for obtaining vast quantities of biomass materials for bio-energy generation particularly in countries such as 
South Africa where agricultural resources are present in vast quantities. South Africa has a big agricultural sector 
particularly in the production of maize. This presents an opportunity for using corn residues such as corn stover and other 
residues in fulfilling the need for biomass energy generation. Despite electrical energy generation, this energy can be used 


in the drying processes for agricultural products. 
3. CONCEPTUAL DESIGN FOR SUSTAINABLE GRAIN DRYING 


In order to ensure agricultural crops such as grains are dried through sustainable ways, the drying methods need to be 
improved through research and development. Although there are many sustainable ways that grains can be dried, it is 
proposed that one of the cheapest yet effective ways of drying grains can be through using renewable energy systems such 
as solar energy and biomass energy. Two conceptual designs for using biomass as a source of energy for the grain dryer are 


proposed and discussed in this section, and one conceptual design for using solar energy is proposed and discussed. 
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3.1 Concept 1: Biomass Grain Dryer using an Air-to-Air Heat Exchanger 


South Africa is a country with a big agricultural sector which presents a great opportunity for using crop residues such as 
corn stovers and sugar cane to produce biomass energy. Corn stover is a good source of biofuel and is generally composed 
of cobs, leaves, soil, and stalks [19]. According to Bennett et al. [20], corn stover can profitably be used as a source of 
energy to dry corn grains due to its high calorific value. The energy content of corn stovers varies depending on the type of 
corn. However, in most cases, the calorific values of corn stovers range between 16.4 MJ/kg and 17.4 MJ/kg [21,22]. 
Figure 4 presents a conceptual design of a biomass grain dryer with an air-to-air heat exchanger. This system is designed 


on the basis of using corn stovers as a biomass product to generate the energy necessary to dry grains. 
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Figure 4: Conceptual Design Layout for a Biomass Grain Dryer using an Air-to-Air Heat Exchanger. 


The design presented in Figure 4 is designed to supply hot air to the drying chamber. Corn stovers from the 
biomass storage are fed to the biomass burner. In the biomass burner, the biomass is ignited and the hot combustion gasses 
are blown to the heat exchanger where energy transfer takes place. Through the use of a control valve, some of the fresh air 
from the blower is sent to the heat exchanger where it gets heated and exits the heat exchanger as hot air which is 
channeled to the drying chamber inlet. It is possible to have separate blowers, but the design in Figure 4 takes advantage of 
incorporating one main blower to supply air to both the biomass burner and to the heat exchanger. Flue gasses from the 
biomass burner going through the heat exchanger escape to the surrounding environment through the chimney. With an 
improved design, it is also possible to incorporate a filtration system that will filter out harmful gasses before they escape 


to the environment. 
3.2 Concept 2: Biomass Grain Dryer using an Air-to-Water Heat Exchanger with a Radiator 


The second concept proposed for using biomass energy to dry grains is using an air-to-water heat exchange system coupled 
with a radiator to transfer the energy to the drying chamber. This conceptual design is presented in Figure 5 and is similar 
in principle to the design concept presented in Figure 4. The only major difference is that with this design an air-to-water 


heat exchanger and a radiator are used for the heat transfer processes rather than only an air-to-air heat exchanger. The 
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design presented by the layout in Figure 5 is also developed on the basis of using agricultural residues such as corn stovers 


as the source of biomass energy. 
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Figure 5: Conceptual Design Layout for a Biomass Grain Dryer using an 
Air-to-Water Heat Exchanger and a Radiator. 


Similar to the previous design, biomass is fed into the combustion chamber where the biomass burner ignites the 
biomass. The hot gasses from the burner are sent to the heat exchanger where heat transfer between the hot gasses and 
cooled water takes place. Basically, water is recirculated between the radiator and the heat exchanger. Heat transferred 
from the heat exchanger side by the water is then transferred to the air at the radiator side. Some of the fresh air from the 
blower entering through the control valves is pushed through the radiator fins in order to extract as much heat from the hot 
water that is running through the radiator. The heated air from the radiator is then channeled to the inlet of the drying 
chamber for drying purposes. Although this design layout is more complex than the previous design, the thermal efficiency 
of this design is anticipated to be better than the design with an air-to-air heat exchanger only. This is because water has a 
much higher thermal conductivity than air. Inside the heat exchanger, heat from the hot gasses of the biomass burner will 
be transferred much more quickly when using water rather than air. Despite this, the design with an air-to-air heat 


exchanger is simple and cost effective to run compared to the design with an air-to-water heat exchanger. 
3.3 Concept 3: Forced-Convection Solar-Assisted Multilayer Grain Dryer 


The third design concept proposed employs the use of solar energy integrated with photovoltaic (PV) solar panels. In this 
design, the drying system is a forced-convection mixed-mode solar dryer coupled with an electric heater powered by the 
solar panel system. Figure 6 depicts the schematic of the concept design for the forced-convection solar-assisted multilayer 


grain dryer. 
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Figure 6: Conceptual Design Layout of the Forced-Convection Solar-Assisted Multilayer Grain Dryer. 


The idea presented in Figure 6 emphasizes the use of solar energy to dry grains during peak and off-peak sunshine 
hours in order to maximize the drying process. During peak sunshine hours the drying process is achieved through the solar 
air heater/solar collector channel. During this period, incident sun rays will heat the absorber in the solar collector which 
will, in turn, heat the ambient air that is pushed through it from the blower. Through an induced forced convection process, 
hot air exiting the solar collector will enter the multilayer drying chamber to allow moisture evaporation to take place. At 
the same time during peak sunshine hours, the PV solar panels are used to charge the batteries. During off-peak sunshine 
hours, the inverter and DBU electrical energy stored in the batteries is used to power the electrical heater which will 
generate the heat necessary to cause moisture evaporation in the drying chamber. The 3-way control valves ensure that the 
flow of air is channeled to the right flow path. The blower which pushes air to the drying chamber is also powered by the 


solar panel system; in this way, solar energy is optimized. 
4. CONCLUSIONS 


A literature review on sustainable ways of drying grains was conducted. Three conceptual designs suitable for drying 
grains were identified as viable options. The three concepts rely on biomass energy and solar energy principles. The first 
concept design uses an air-to-air heat exchanger to transfer heat derived from the biomass burner in order to dry grains. 
The second concept design is similar in principle to the first concept except that in this design a combination of an air-to- 
water heat exchanger and a radiator is used. In this concept, heat is still derived from the biomass burner. Due to the high 
production of maize and sugar cane in South Africa, both concept 1 and concept 2 are assumed to use corn stovers or sugar 
cane waste as the source of biomass energy. The third concept uses a forced convection multilayer solar dryer that is 
assisted by an electric heater powered by solar panels. In thisconcept, an electric heater powered through a solar panel 
system can be used during off-peak hours to provide the heat necessary for the drying process. This study has concluded 


that these concept designs can be implemented to improve grain drying processes and increase production. 
5. RECOMMENDATIONS 
This paper has presented concepts that are seen as having the potential to aid in drying grains in a sustainable manner. Due 
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to the limited scope of works cited, it is recommended that further research be conducted by means of experimental studies 


for the three conceptual designs discussed in this paper. 
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